Background
==========

Asymptomatic carotid plaques are very commonly encountered in daily clinical practice, with prevalence ranging from 0.1% to 7.5% in the general population \[[@b1-medscimonit-23-479]\]. Atherosclerotic plaques in the carotid arteries are frequently found in stroke patients \[[@b2-medscimonit-23-479],[@b3-medscimonit-23-479]\]. Asymptomatic carotid stenosis refers to narrowing of the carotid artery caused by atherosclerosis in patients who have not experienced a stroke or transient ischemic attack in the territory of that artery. The pathogenesis of carotid plaque from asymptomatic to cerebrovascular events is a complex process which is still not completely understood. Although many systemic risk factors predispose to development of atherosclerosis, plaque is not uniformly distributed in the carotid arteries and it preferentially affects certain regions of circulation (e.g., the inner curve, close to side branches, and in the bulbs of the carotid artery \[[@b4-medscimonit-23-479]--[@b6-medscimonit-23-479]\]), suggesting that local mechanical factors might determine plaque development and growth. Plaque morphology and composition are evidently related to blood flow, which therefore influences the local predisposition to atherosclerosis progression, plaque rupture, and thrombosis. Furthermore, there is ample evidence that low wall shear stress is involved in plaque initiation and progression through various molecular mechanisms that influence endothelial cell morphology and function \[[@b7-medscimonit-23-479],[@b8-medscimonit-23-479]\]. Atherosclerosis is considered to be a disease caused by a variety of clinical environmental factors and genetic factors. In recent years, numerous polymorphisms of genes related to atherosclerosis have been found by genome-wide association study (GWAS) and meta-analysis in large-scale studies \[[@b9-medscimonit-23-479]--[@b13-medscimonit-23-479]\]. On the other hands, other studies showed high wall shear stress is related to intraplaque hemorrhage and stroke \[[@b14-medscimonit-23-479],[@b15-medscimonit-23-479]\]. Other hemodynamic parameters related to atherosclerosis include wall pressure, shear strain rates, and flow velocity.

Such hemodynamic characteristics were usually obtained by computational fluid dynamics (CFD). CFD is mechanical engineering field which is widely used in mechanical engineering to solve complex problems by analyzing fluid flow, heat transfer, and associated phenomena by using computer simulations. CFD is becoming a vital component in the design of industrial products and systems. Examples are aerodynamics and hydrodynamics of vehicles, power plants and turbines, electronic engineering, chemical engineering, external and internal environmental architectural design, marine and environmental engineering, hydrology, meteorology, and biomedical engineering. In recent years, CFD biomedical research is more accessible because high-performance hardware and software are easily available with advances in computer science.

Few studies have investigated the relationship between carotid plaque hemodynamic characteristics and risk of stroke in asymptomatic patients \[[@b14-medscimonit-23-479]\]. Therefore, in this study, we aimed to investigate the relationship between hemodynamic parameters of asymptomatic carotid plaques by using CFD and magnetic resonance angiography (MRA), including flow velocity across the lesion, wall shear stress (WSS), wall pressure (WP), and the risk of stroke.

Material and Methods
====================

Study population
----------------

This prospective study was performed at the Chinese PLA General Hospital, Beijing, China from March 2011 to June 2013. For the purpose of our study, asymptomatic participants with carotid plaque (thickness ≥2 mm) in one of the carotid arteries were enrolled. All participants were invited for an MRA of both carotid arteries. The exclusion criteria included: 1) images were not suitable for CFD analysis: the stenosis degree greater than 95% or less than 10%; and 2) contraindications for MRA: any electrically, magnetically, or mechanically activated implant, intracranial aneurysm clips (unless made of titanium), ferromagnetic surgical clips or staples, metallic foreign body in the eye, or pregnancy. Demographics, histories of common diseases (previously diagnosed or taking corresponding medications at baseline), and results of laboratory tests at baseline were collected from computerized medical records and ultrasound reports. Follow-up data were collected in June 2016. The primary endpoint was defined as a stroke based on typical clinical symptoms and confirmed by follow-up brain CT or MRA. Secondary endpoints included any ischemic stroke or TIA, and all-cause death. A flow chart explaining the final data used for analysis is shown in [Figure 1](#f1-medscimonit-23-479){ref-type="fig"}. The participants were divided into a stroke group and a non-stroke group according to follow-up data. Written informed consent had obtained from each participant included in the study. The study was approved by the Ethics Committee for Medical Research of the Chinese PLA General Hospital.

Magnetic resonance protocol and image analysis
----------------------------------------------

Carotid plaques MRAs were obtained by a Signal 1.5T MR Systems (General-Electric Healthcare, Milwaukee, WI) using a bilateral phased-array surface coil with a slice thickness of 1.2 mm. MRA scan range was from the aortic arch to the skull base, and we selected the 4 cm within the scope of the original image of the carotid bifurcation (i.e., within the 4-cm scope of the CCA, ICA, and ECA). After the scan was completed, the Digital Imaging and Communications in Medicine (DICOM) format images were derived. All images were imported to the post-processing workstation ADW4.5-1 (General-Electric Healthcare, Milwaukee, WI) for image evaluation and analysis. Luminal area (LA) was defined as the area encompassed by the inner boundary of the intimal surface in plaque slices. Total vessel area (TVA) was defined by the outer boundary of the vessel. Wall area (WA) was calculated by the software, subtracting TVA from LA (WA=TVA−LA). A normalized wall index was then calculated (NWI=WA/TVA) \[[@b16-medscimonit-23-479]\].

Geometric modeling
------------------

Geometric modeling was performed by importing the DICOM format MRA data into reverse engineering 3D reconstruction software MIMICS (Materialise Inc., Belgium), by threshold segmentation ([Figure 2A](#f2-medscimonit-23-479){ref-type="fig"}), region growing, and use of mask film editing ([Figure 2B](#f2-medscimonit-23-479){ref-type="fig"}) tools to get a sense of vessels in the region of interest (ROI) mask by mimics the 3-dimensional (3D) transport calculation functions, connection of the extracted two-dimensional (2D) section, and generating a 3D carotid arteries geometric model ([Figure 2C](#f2-medscimonit-23-479){ref-type="fig"}). we then imported the 3D models into the forward engineering software 3-MATIC to remesh the surface of the arteries ([Figure 2D](#f2-medscimonit-23-479){ref-type="fig"}) and improve the quality of the grid.

CFD modeling
------------

We imported STL format images into the ICEM-CFD software to identify the 3D space structure, and defined the 1-inlet, 2-outlets, the vessel wall, and other parts of arteries. Then, we set the parameters required for the tetrahedral mesh according to the size of the arteries. To guarantee the accuracy of the boundary of the target artery, we set up a 3-layer boundary calculate condition, and the growth factor was increased by 1.2 times. Global tetrahedral mesh elements of the carotid artery are shown in [Figure 3](#f3-medscimonit-23-479){ref-type="fig"}.

We imported tetrahedral mesh files into a FLUENT model with ANSYS software and set the following boundary conditions: (1) vascular wall characteristics: vascular walls were set to smooth, no penetration of rigid \[[@b17-medscimonit-23-479],[@b18-medscimonit-23-479]\]; (2) blood characteristics: the blood flow was assumed laminar, incompressible, and Newtonian, with density of 1060 kg/m^3^ and viscosity of 0.0035Pas; (3) the inlet velocity was measured by MRA and the blood flow of internal and external carotid arteries were 55% and 45%, respectively \[[@b19-medscimonit-23-479]\]; and (4) the calculation was based on continuity equation and Navier-Storks equation \[[@b20-medscimonit-23-479]\].

The workflow of CFD analysis is shown in [Figure 4](#f4-medscimonit-23-479){ref-type="fig"}

$$\begin{matrix}
{\frac{\partial u}{\partial x} + \frac{\partial v}{\partial y} + \frac{\partial w}{\partial z} = 0} \\
{\frac{\partial\,(\rho\text{u})}{\partial t} + div(\rho\text{uU}) = \text{div}(\mu\text{gradu}) - \frac{\partial P}{\partial x} + Su} \\
{\frac{\partial\,(\rho v)}{\partial t} + di\text{v}(\rho v\text{U}) = \text{div}(\mu\text{grad}v) - \frac{\partial P}{\partial y} + Sv} \\
{\frac{\partial\,(\rho\text{w})}{\partial t} + div(\rho\text{wU}) = \text{div}(\mu\text{gradw}) - \frac{\partial P}{\partial z} + Sw} \\
\end{matrix}$$

Statistical analysis
--------------------

All continuous variables are presented as means ±SD. The normal distribution test for continuous variables was conducted using the Kolmogorov-Smirnov test. Statistical analysis of normal distribution data was performed using an unpaired *t* test between 2 groups. Non-normal distribution data were analyzed using the Mann-Whitney U test for continuous variables and the x^2^ test for discrete variables. The influence of morphology and hemodynamics characteristics was evaluated using univariate logistics regression models. Results from logistics models are expressed as hazard ratios with 95% confidence intervals. Receiver operator characteristic curve (ROC) and C-statistic testing were utilized to assess the performance of the constructed model in comparison with a previous published model. All tests were carried out using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) statistical software. Differences were considered statistically significant at a two-tailed P value of less than 0.05.

Results
=======

Baseline
--------

We included 228 participants with asymptomatic carotid plaque in this prospective study. The study population included 120 men (52.63%) and 108 women (47.37%), the mean age was 59.21±8.48 years, and the mean follow-up duration was 1147.56±224.84 days. The follow-up results showed 16 of 228 patients with asymptomatic carotid plaques had experienced a stroke. The participants were divided into a stroke group and a non-stroke group according to whether stroke had occurred. Detail information on demographics, medical history, physical examination, and results of laboratory tests of the 2 groups are shown in [Table 1](#t1-medscimonit-23-479){ref-type="table"}. There were no significant differences between the 2 groups in terms of age, sex, history of smoking, medical history, physical examination, or laboratory test results.

Hemodynamic and MRA characteristics of carotid artery
-----------------------------------------------------

[Figure 5A](#f5-medscimonit-23-479){ref-type="fig"} is a streamlined picture of the flow, showing turbulent regions with obvious velocity slowing above and below the plaques. Local amplification of the velocity vector ([Figure 5B](#f5-medscimonit-23-479){ref-type="fig"}) shows the blood flow velocity was accelerated in the stenosis region. Contours of WP ([Figure 5C](#f5-medscimonit-23-479){ref-type="fig"}) show the wall pressure was gradually decreased from the inlet to the outlets of the carotid artery. However, the WP of the bifurcation site of the common carotid artery was abnormally high, and atherosclerotic lesions showed decreased WP. On the other hand, contours of WSS ([Figure 5D](#f5-medscimonit-23-479){ref-type="fig"}) showed the uneven distribution of WSS of the carotid artery. High WSS appeared in the center area of the plaque sites. [Table 2](#t2-medscimonit-23-479){ref-type="table"} shows the qualitative assessment of MRA and hemodynamic parameters of all participants. The stroke group and non-stroke group were similar with respect to LA, WA, and TVA. The NWI of the stroke group was higher than in the non-stroke group (0.54±0.15 *vs.* 0.52±0.19, *p*=0.043). Qualitative assessment of hemodynamic parameters showed no significant difference between the stroke group and non-stroke group in WP; however, WSS of the stroke group was higher than in the non-stroke group (7.87±1.34 *vs.* 5.86±2.14, *P*=0.013).

Logistics regression analysis
-----------------------------

Logistics regression analysis indicated that NWI and WSS were associated with the development of carotid plaques ([Table 3](#t3-medscimonit-23-479){ref-type="table"}). Carotid artery with higher NWI had 3.472 times more chance of being associated with stroke. High WSS increased the chance of the stroke by 6.974 times. Other hemodynamic and MRA characteristics of carotid artery did not show significant associations with the risk of stroke.

ROC analysis
------------

To assess the predictive utility of WSS, NWI, and WSS+NWI, we compared the ROC curves of these 3 parameters. The area under the ROC curve values for WSS, NWI, and WSS+NWI were 0.772, 0.798, and 0.903, respectively ([Table 4](#t4-medscimonit-23-479){ref-type="table"}). WSS+NWI predicted the onset of stroke better than WSS and NWI (*P*\<0.05), with no statistically significant differences between WSS and NWI ([Figure 6](#f6-medscimonit-23-479){ref-type="fig"}). *P* values close to 1 were associated with higher risk of stroke.

Discussion
==========

The present study used morphologic data derived from MRA and geometric parameter data obtained by CFD to examine the relationship between carotid plaques and the risk of stroke in patients with asymptomatic carotid plaques. Our study shows that carotid atherosclerosis is a dynamic and progressive disease. Of the 228 participants with asymptomatic carotid plaques, 16 (7.02%) had stroke in the territory of the carotid artery, which was comparable to Kakkos's and Chung's studies \[[@b21-medscimonit-23-479],[@b22-medscimonit-23-479]\]. Additionally, the probability of stroke was much lower than in Sadat's study \[[@b23-medscimonit-23-479]\]. The difference may be that Sadat's cohort had suffered a stroke before and were not asymptomatic as such.

For the CFD analysis, most of the previous studies used standard flow velocity \[[@b19-medscimonit-23-479]\]. Instead of this, we used person-specific inlet flow velocity measured by MRA, which allowed us to get more accurate parameters of fluid dynamics.

Several studies have investigated the association between carotid plaques progression and risk of cerebrovascular events in patients with asymptomatic carotid stenosis \[[@b1-medscimonit-23-479],[@b22-medscimonit-23-479],[@b24-medscimonit-23-479]--[@b28-medscimonit-23-479]\]. These risk factors including age, sex \[[@b29-medscimonit-23-479]\], severity of stenosis \[[@b22-medscimonit-23-479],[@b25-medscimonit-23-479],[@b26-medscimonit-23-479]\], increased plaque area \[[@b22-medscimonit-23-479]\], carotid artery end-diastolic velocity \[[@b21-medscimonit-23-479]\], systolic blood pressure \[[@b25-medscimonit-23-479]\], and increased serum creatinine \[[@b22-medscimonit-23-479],[@b25-medscimonit-23-479]\]. Furthermore, genetics and epigenetics factors in atherosclerosis cannot be ignored \[[@b30-medscimonit-23-479],[@b31-medscimonit-23-479]\]. Our analysis suggests that plaque morphology characteristics NWI and hemodynamics parameter WSS are independent risk factors for the progression from asymptomatic to stroke. Logistics regression analysis and ROC curve suggest that the combination of NWI and WSS is better at predicting the risk of stroke.

During the early stages of atherosclerotic plaque growth, the vessel may remodel and accommodate plaque growth without compromising luminal size. There are few plaque morphology characteristics, such as WA, used to assess plaques. Clinical trials have shown that in human carotid arteries, luminal stenosis has limited value as an indicator of atherosclerotic plaque vulnerability, enabling prediction of only 1 of 10 strokes in asymptomatic patients \[[@b32-medscimonit-23-479]\]. Plaque burden, which is represented by plaque volume and maximum wall area (MWA), as a direct measure of the lesion itself, may have substantial usefulness in the assessment of atherosclerosis \[[@b33-medscimonit-23-479]\]. Studies have shown NWI is a sensitive factor for early detection of carotid atherosclerosis plaques, and it can reflect the progression of plaque more accurately than other morphology characteristics such as LA and WA. Calculated as WA/TVA, NWI contains information about lumen stenosis and thickening of the wall, which make NWI is the most effective indicator for evaluating the severity of atherosclerosis. NWI increases the comparability between different individuals and different vessel areas. Furthermore, it can avoid the difference in the wall area caused by different vascular thicknesses \[[@b34-medscimonit-23-479]\]. Therefore, NWI may also be used as a dynamic index to measure the dynamic changes of plaques.

Prediction of plaque rupture before the event is a major clinical challenge. Even though morphology characteristics of plaques were thought to relate to the progression of local lesion, as mentioned above, plaque rupture is not solely dependent on plaque morphology, and other local factors are probably involved. As a consequence of improvements in imaging of atherosclerosis and in computational power, there has been increasing interest in the role of biomechanical forces in plaque rupture \[[@b35-medscimonit-23-479]\]. There is increasing evidence that hemodynamic factors are important in the atherogenic process and in the development of unstable plaque and thromboembolic stroke. Disturbances of hemodynamics are thought to have a role in several aspects of this process, particularly in the causation of plaque rupture and in the formation of surface thrombus.

The follow-up radiographic results confirmed that the culprit sites were consistent with the regions of high WSS. WSS is the parallel frictional force exerted by blood flow on the endoluminal surface of the arterial wall. The magnitude of WSS is influenced by changes in luminal geometry, blood flow velocity, and plasma viscosity \[[@b36-medscimonit-23-479]\]. There are 2 different views on the role of WSS in atherosclerosis. Although studies suggested that a certain degree of high WSS has anti-atherosclerosis effect \[[@b37-medscimonit-23-479]\], the increase of WSS is not necessarily a protective factor for atherosclerosis \[[@b38-medscimonit-23-479]\]. Lovett \[[@b39-medscimonit-23-479]\] showed that plaque ruptures more frequently in the upper side of the lumen, which is affected by the high WSS and leads to the production of vulnerable plaque with a thin fibrous cap. Studies of clinical pathological autopsies also showed that plaque rupture mainly occurred in the upper side of the lesion, consistent with the area of high WSS. Although the absolute value of the WSS is not enough to directly damage the structure of the fiber cap, the increased WSS in the upper side of the lesion is the primary factor causing rupture of the plaque \[[@b40-medscimonit-23-479]\].

Studies have confirmed that WSS is associated with regulation of many vascular functions, such as maintenance of acute vessel tone, vascular permeability, adhesion of leukocytes, development of blood vessels, and secretion of pro-thrombotic and antithrombotic signaling molecules \[[@b41-medscimonit-23-479],[@b42-medscimonit-23-479]\]. Activated ECs produce chemokines, cytokines, and adhesion molecules that interact with leukocytes and platelets, and target inflammation to specific tissues as a host defense mechanism \[[@b43-medscimonit-23-479]\]. Balaguru's team developed a versatile model based on CFD simulation to explore the shear stress-associated changes of biological function in endothelial cells (ECs) \[[@b44-medscimonit-23-479]\]. Cell morphology, cytoskeletal arrangement, cell death, reactive oxygen species profile, nitric oxide production, and disturbed flow markers under certain WSS condition were assessed. They observed a 2\~4-fold increase in VEGFR2 expression in high-WSS regions, but the increase in expression was not observed in low-WSS areas. MCP-1 involved in the recruitment of leukocytes plays a significant role in the development of atherosclerotic plaque formation. There was a 4-fold increase in expression observed in high-WSS regions. HIF1 alpha expression is used as a marker for hypoxia. There was a 2-fold increase in expression of HIF1-α in high-WSS regions, and a less than 2-fold increase in low-WSS areas.

Locally high WSS might promote transformation of stable subtypes to vulnerable plaques. Previous studies showed higher maximum shear stress is associated with intraplaque hemorrhage and calcifications \[[@b45-medscimonit-23-479]\]. Plaques that contain a large lipid-rich necrotic core, intraplaque hemorrhage, inflammation, and/or are covered by a thin fibrous cap are considered the most vulnerable to rupture. In animal studies and small case studies, an association between WSS and plaque composition was observed. Although low WSS may induce plaque initiation, it has been hypothesized that plaque destabilization can be caused by high shear stress on the plaque. Tuenter's study evaluated the association between shear stress and plaque components in asymptomatic persons.

Conclusions
===========

We found that the combination of plaque morphology characteristics NWI and hemodynamics parameter WSS can improve the ability to identify patients at highest risk of rapid disease progression and may predict the risk of stroke in patients with asymptomatic carotid plaques. More prospective studies with larger sample sizes are necessary to validate the findings of this study and to discover new risk factors for imaging and fluid mechanics.
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![Reconstruction of 3D vascular model using MIMICS software based on MR data. (**A**) Thresholding of carotid artery images; (**B**) Mask of carotid artery images; (**C**) 3D vascular model constructed with MIMICS; (**D**) Remeshed model using 3-MATIC.](medscimonit-23-479-g002){#f2-medscimonit-23-479}
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![Work flow of CFD analysis.](medscimonit-23-479-g004){#f4-medscimonit-23-479}

![An example of CFD analysis in carotid artery. (**A**) Streamline pictures of the flow; (**B**) Velocity vector picture; (**C**) Contours of WP; (**D**) Contours of WSS.](medscimonit-23-479-g005){#f5-medscimonit-23-479}

![Receiver operating characteristic curve for NWI, WSS, and WSS+NWI (the areas under the curve were 0.798, 0.722, and 0.903, respectively).](medscimonit-23-479-g006){#f6-medscimonit-23-479}

###### 

Baseline characteristics of all participants.

                            Stroke group (n=16)   Non-stroke group (n=212)   *P*
  ------------------------- --------------------- -------------------------- -------
  Age                       57.88±7.79            59.55±8.73                 0.625
  Male                      10 (62.50)            110 (51.89)                0.442
  Smoke                     6 (37.5)              88 (41.51)                 0.575
  Medical history                                                            
   Coronary heart disease   6 (37.50)             74 (34.91)                 0.401
   Hypertension             8 (50.00)             136 (64.15)                0.422
   Diabetes                 6 (37.50)             116 (54.72)                0.068
   Arrhythmia               2 (12.50)             54 (25.47)                 0.393
   Hyperlipidemia           4 (25.00)             60 (28.30)                 0.607
  Physical examination                                                       
   HR                       77.00±12.86           75.55±10.38                0.739
   SBP                      124.38±17.68          125.90±25.63               0.875
   DBP                      72.25±8.28            76.84±15.25                0.420
   BMI                      26.31±6.95            24.43±4.29                 0.340
  Laboratory tests                                                           
   ALT                      25.26±12.84           39.36±15.32                0.600
   AST                      35.05±16.11           42.70±17.16                0.342
   γ-GT                     43.14±23.62           61.16±29.27                0.417
   Cr                       78.65±25.67           110.74±45.95               0.220
   BUN                      7.26±3.69             7.05±2.50                  0.855
   TG                       1.48±0.29             1.31±0.75                  0.562
   T-CH                     3.68±0.76             4.03±1.43                  0.504
   HDL                      0.92±0.27             0.98±0.29                  0.540
   LDL                      1.99±0.58             2.34±0.98                  0.332
   Hb                       129.00±14.96          113.19±29.37               0.152
   RBC                      4.21±0.47             3.89±0.99                  0.386
   WBC                      7.51±1.24             8.49±2.00                  0.496
   PLT                      209.50±54.87          201.61±83.39               0.852

Values are means ±SD for continuous variables and percentages for dichotomous variables.

###### 

Qualitative of MRA and Hemodynamic parameters of all participants.

                Stroke group (n=16)   Non-stroke group (n=212)   *P*
  ------------- --------------------- -------------------------- -------
  LA (mm^2^)    32.32±9.58            34.20±11.11                0.124
  WA (mm^2^)    38.49±11.63           37.23±13.32                0.139
  TVA (mm^2^)   70.82±10.81           71.43±14.95                0.749
  NWI           0.64±0.15             0.47±0.19                  0.043
  WSS (Pa)      7.87±1.34             5.86±2.14                  0.013
  WP (Pa)       −1015.75±109.99       −961.68±199.07             0.467

###### 

Logistics regression analysis of hemodynamic and MRA characteristics of carotid artery.

                OR      95% Confidence interval   P
  ------------- ------- ------------------------- -------
  LA (mm^2^)    0.863   0.836--0.917              0.353
  WA (mm^2^)    1.082   1.063--1.105              0.298
  TVA (mm^2^)   0.980   0.924--1.022              0.322
  NWI           3.472   2.943--4.096              0.011
  WSS (Pa)      6.974   1.070--45.453             0.042
  WP (Pa)       1.005   0.997--1.013              0.239

###### 

Area under the receiver operating characteristic curve for WSS, NWI and WSS+NWI.

  Factors   Area    SE      95%CI          Youden's index   Sensitivity   Specificity
  --------- ------- ------- -------------- ---------------- ------------- -------------
  WSS       0.772   0.079   0.618\~0.926   0.649            87.50         77.42
  NWI       0.798   0.071   0.660\~0.937   0.520            87.50         64.52
  WSS+NWI   0.903   0.051   0.804\~1.000   0.774            100.00        77.42
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